Abstract title: CFD simulations of a wind turbine for analysis of tip vortex breakdown
Introduction
For economical use of wind turbines, it is important to install them collectively at one site (wind farm). Because of the collective layout of the wind turbines, we can reduce the total length of power transmission lines and labour for maintenance. However, the wake behind the wind turbines is known to cause major problems when the turbines are in a collective layout. A wind turbine converts the kinetic energy of wind into mechanical energy; consequently, the speed of the wind in the wake region is greatly reduced. Moreover, the existence of tip vortices impedes momentum exchange between the wake and the main stream [1] . In other words, velocity deficits of the wind turbine wake tend to remain at a long distance because of the tip vortices. In addition, when these vortices directly flow in a subsequent wind turbine, its fatigue gets accumulated faster. For the above reasons, each wind turbine in a wind farm is placed away from the others. Practically, a distance of 10D (D is the diameter of the wind turbines) between two rotors is recommended [2] . However, this criterion is determined empirically, and the optimum distance is supposed to vary depending on the operational conditions. Therefore, we must investigate the wake structure using scientific approaches for the optimum layout of the wind farms.
In general, experimental approaches or numerical studies are considered to study the wake structure. The experimental approaches' results typically tend to be reliable because we can consider the actual phenomena. However, performing an experiment on wind turbines is increasingly difficult because the size of the commercial wind turbines is increasing. At present, the rotor diameters of the commercial wind turbines are approximately 100 m and will increase to approximately 200 m in the future, making it very expensive to perform experiments. Alternatively, numerical studies do not require such construction costs. In addition, the entire field data can be obtained via computational fluid dynamics (CFD). At present, we can predict the average flow fields around the wind turbines using CFD [3] . However, discussion on the behaviour of the tip vortices is ongoing. Understanding the wake structure is a difficult subject to study and we aim to achieve it.
In this study, we conducted the CFD simulation of the wind turbines to study the vortex structure and the breakdown process *Presenting author. ** Corresponding author. E-mail: k.kimura@gg.cfdl.t.u-tokyo.ac.jp (Keita Kimura), iida@ilab.eco.rcast.u-tokyo.ac.jp (Makoto Iida) by using a higher order scheme and dynamic calculations. We changed the tip speed ratio (TSR) to investigate the relation between TSR and the tip vortex structures.
Approach

2-1. Analysis objective
We selected the model wind turbine which was used in Model Experiments in Controlled Conditions (MEXICO) project as our study topic [4] [5] [6] . One of the special features of the test is that it includes the particle image velocimetry measurement of the near wake region. Therefore, such data can be used to validate the CFD results of the distributions of velocity and/or vorticity. The specifications for MEXICO are shown in Table 1 . 
2-2. Analysis code
In this study, we used the Moving Overlapped Structured Grids CFD Solver rFlow3D [7] , which was developed by the Japanese Aerospace eXploration Agency (JAXA) for analysing rotorcrafts such as helicopters. The governing equations are the compressible Navier-Stokes equations, which are discretised using a finite volume method (FVM). rFlow3D can address moving overlapped grids; thus, it can simulate the blade rotations and deformations.
2-3. Computational grid
We set two background Cartesian grids and three rotating blade grids for analysis. Furthermore, we established an inner background grid, which has high grid resolution to capture the small structure of the tip vortices. The grid covers from 0.5 rotor diameters upwind of the rotor plane to 10 rotor diameters downwind. Details of the computational grids are presented in Table 2 and Figs. 1 and 2. 
2-4. Numerical analysis condition
In this study, we performed an unsteady Reynolds-averaged Navier-Stokes simulation of the wind turbines. The numerical analysis conditions are shown in Table 3 . We used a fourth-order compact MUSCL TVD [7] interpolation scheme as the reconstruction method. Thus, the resolution in space is fourthorder, enabling us to precisely capture even small vortices. The operational conditions are the same as those in Table 1 . [7] Turbulence model Spalart-Allmaras [9] Rotation of wind turbine Moving Overlapped Structured Grids 
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3-1. Validation of CFD results
First, we must validate our results by comparing them with the results of the MEXICO experiments. We executed a case, = 6.67, which is the standard condition for operating the wind turbines. The axial velocity along the spanwise position = 1.8 at azimuth angle of 270° is shown in Fig. 3 . Although the CFD result slightly underpredicts the velocity deficit around the rotor position ( / = 0), it shows good agreement with MEXICO in the wake region. The positions of the vortex core are shown in Fig. 4 . rFlow3D is found to reproduce the wake expansion of MEXICO well.
From these two points of view (velocity deficit and wake expansion), we consider that our simulation captured at least the macro characteristics of the wind turbine wake. 
3-2. Wake expansion and breakdown of tip vortex
Further, we executed the other case by changing TSR to focus on the relation between the behaviour of vortices and TSR. Similar to section 3-1, we obtained the positions of the tip vortex core as shown in Fig. 5 . When TSR increases, the wake expansion rate also increases. This behaviour is supposedly caused by changing the ratio of the centrifugal force and the main stream velocity. Moreover, the wake expansion rate should involve the starting position of the vortex instability. The iso-surface of vorticity is shown in Fig. 6 . At the initial stage of wake, the tip vortices are stable and do not have any minute structure. Subsequently, the vortices begin to interact with each other and short wavelength instabilities appear. Finally, the helical structures completely break down. When TSR increases, the space between each vortex reduces. Consequently, the interaction of the vortices increases. In the case of = 4.17, the wake disturbance begins at ≅ 2 , for = 6.67, it begins at ≅ 1 and for = 10, it can be observed at ≅ 0.5 . Fig. 5 . Positions of tip vortex core (red: = 4.17, yellow: = 6.67, blue: = 10)
3-3. Radial flows in wake region
In this section, we focus on the distribution of radial flow behind the rotor plane. Radial flows must correspond to radial expansion of the tip vortices shown in Fig. 5 . To visualise radial flows, we converted the Cartesian velocities (v, w) into cylindrical velocities, as shown in Fig. 7 ; subsequently, the radial velocity (1) and azimuthal velocity (2) are derived.
= sin + cos (1)
The distribution of is shown in Fig. 8 . The left column shows the plane at = 0.25 as an example of the stable region of the tip vortices. Each TSR case has a yellow circular area, i.e., a relatively strong radial flow towards the outside of the plane. Because of these radial velocities, wake expansion occurs. Note that the strong red and blue regions represent the cross-sections of the tip vortices. The right column shows the planes at the region of vortex instabilities for each TSR. Because of the occurrence of the tip vortex breakdown, small vortices are diffused into the entire surface, leading to disappearance of the radial flow. Alternatively, the wake expansion stops and the tip vortex becomes unstable. As mentioned in the previous section, when TSR increases, the tip vortex breakdown starts earlier.
However, note that strengthens at the same time. The existence of can act as a barrier that prevents the wake from mixing with the main stream because it is necessary for mixing to take the main stream into the wake. Therefore, a large value of TSR does not necessarily correspond to significant mixing of the wake. 
Conclusion
We executed CFD simulations of the MEXICO rotor and implemented validations of the near-wake characteristics comparing the results of the MEXICO project. Furthermore, we considered two cases by changing TSR to investigate the relation between TSR and the wake structure. From these results, to date, we can conclude the following: ・The macro characteristics such as velocity distribution and vortex positions obtained by rFlow3D are generally consistent with the MEXICO experiments. ・ When TSR increases, the radial wake expansion rate also increases. ・When TSR increases, the space between each vortex decreases.
Therefore, the interaction between vortices increases and the tip vortex breakdown occurs more rapidly. ・During the beginning of vortex instabilities, wake expansion ceases because the radial flow produced by centrifugal forces disappears as a result of the breakdown of the tip vortices. ・ Rapid breakdown of the tip vortices does not always correspond to rapid mixing of the wake with the main stream because this condition is often accompanied with a strong radial flow, which can be a barrier to wake mixing.
